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Abstract

The last 20 years have witnessed major advances in the understanding of muscle diseases and significant inroads are being made to
treat muscular dystrophy. However, no curative therapy is currently available for any of the muscular dystrophies, despite the immense
progress made using several approaches and only palliative and symptomatic treatment is available for patients. The discovery of
miRNAs as new and important regulators of gene expression is expected to broaden our biological understanding of the regulatory
mechanism in muscle by adding another dimension of regulation to the diversity and complexity of gene-regulatory networks. As impor-
tant regulators of muscle development, unravelling the regulatory circuits involved may be challenging, given that a single miRNA can
regulate the expression of many mRNA targets. Although the identification of the regulatory targets of miRNAs in muscle is a challenge,
it will be critical for placing them in genetic pathways and biological contexts. Therefore, combining informatics, biochemical and genetic
approaches will not only expected to reveal the elucidation of the miRNA regulatory network in skeletal muscle and to bring a better
knowledge on muscle tissue regulation but will also raise new opportunities for therapeutic intervention in muscular dystrophies by iden-
tifying candidate miRNAs as potential targets for clinical application.
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Introduction

The muscular dystrophies are a heterogeneous group of over 30
different inherited disorders all involving progressive weakness
and degeneration of skeletal muscle with variable distribution
and severity, resulting in significant morbidity and disability.
Characteristic features of dystrophic muscle include central
nuclei, small regenerating fibres and accumulation of connec-
tive tissue and fatty tissue. More than two decades after the
cloning of dystrophin as the disease-causing gene in Duchenne
muscular dystrophy [1], additional forms of muscular dystro-
phy have been associated with numerous gene defects.
Mutations were identified in structural proteins, signalling mol-

ecules and enzymes as well as mutations that result in aberrant
processing of mRNA or alterations in post-translational modifi-
cations of proteins [2]. These findings have not only revealed
important insights into the protein network of skeletal muscle
fibres and led to a better understanding of skeletal muscle 
function through the analysis of muscle dysfunction but also
provided new approaches for therapy. However, although 
considerable progress has been made in the understanding of
muscle biology, revealing the overall complexity of the pathogen-
esis of the various muscular disorders, the underlying molecular
pathways remain poorly understood and still mainly unknown.
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There are substantial underlying muscle disease mechanisms,
which remain to be elucidated. A detailed knowledge of the 
signalling pathways and transcriptional networks that regulate
cellular and molecular processes of skeletal muscle function is
necessary to understanding the pathology of muscle.

Recently, another layer of transcriptional regulation has
begun to emerge. In a genetic screen for molecules that control
the timing of larval development in C. elegans, lin-4, the found-
ing member of the miRNA gene class, was discovered and later
identified as a gene that does not encode a protein but instead
produces a pair of small RNAs, with the longer one predicted to
be the precursor of the shorter one [3]. A second miRNA gene,
let-7, was found in 2000, in worms [4, 5]. miRNAs have now
emerged as widely acting regulatory molecules that silence their
cognate target genes, either by degrading mRNA molecules or,
more frequently in mammalian cells, by inhibiting their transla-
tion [6]. Computational and biological evidence suggests that
miRNA-mediated gene regulation represents a fundamental
mechanism of post-transcriptional regulation with diverse func-
tional effects [7].

miRNAs have been implicated in a range of biological
processes including cancer [8, 9], development of the limb [10,
11], lung [12], and haematopoetic system [13]. In addition, a
number of miRNAs have been characterized as modulators of
myogenic differentiation [14] and there is increasing evidence for
miRNA involvement in myopathies and muscular dystrophies
[15–17]. Here we review recent progress that addresses the func-
tions of skeletal muscle-mediating miRNAs. These findings are
expected to advance our understanding of the molecular mecha-
nisms underlying muscle pathology.

Mechanisms of miRNA-mediated
repression

miRNAs as an endogenously expressed small RNAs are tran-
scribed as larger transcripts (pri-miRNAs) that are processed by
Drosha into stem-loop precursors (pre-miRNAs) [6]. The pre-
miRNAs are transported from the nucleus to the cytoplasm by
Exportin-5 and are subsequently cleaved by the Dicer RNase to
yield 20–22 nucleotide mature miRNA. The resulting miRNAs
bind, largely through their ‘seed’ regions (nucleotides 2–8 at the
5� end of an miRNA), to partially complementary sequences 
at the 3�UTRs of specific target mRNA and are loaded into an
RNA-induced silencing complex (RISC), which directs silencing
of target genes [6]. The most important factor governing miRNA
binding efficacy is perfect base pairing between the target site
and the miRNA seed region, ~7 nucleotides at the 5�-end of the
miRNA. Further determinants of probable mRNA targets, such as
target site flanking sequence, accessibility caused by local sec-
ondary structure, number and spacing of target sites, base par-
ing between the target site and the 3�-end of the miRNA and

expression patterns, have been identified and used in computational
prediction algorithms [18, 19]. Combined computational-experi-
mental analyses suggest that at least ~30% of human mRNAs
are miRNA targets [20]. Once a miRNA binds to a target site, 
the associated RISC is the primary mediator of miRNA 
function, which is usually either translational repression or direct
mRNA cleavage.

miRNA regulatory network in muscle

During embryonic development, specification of mesodermal
precursor cells to the myogenic lineage is a multi-step process
highly regulated by positive and negative signals from sur-
rounding tissues. Specification to the myogenic lineage requires
the up-regulation of MYOD and MYF5, basic helix-loop-helix
transcriptional activators of the myogenic regulatory factor
family (MRF). Proliferating myoblasts withdraw from the cell
cycle to become terminally differentiated myocytes that express
the late MRFs, Myogenin and MRF4, and subsequently muscle-
specific genes such as myosin heavy chain (MHC) and muscle
creatine kinase (MCK) [21]. Finally, through complex pathways
regulated at both transcriptional and post-transcriptional levels
and multiple regulatory factors, including transcription factors
and cellular signalling molecules, mononucleated myocytes
specifically fuse to each other to form multinucleated syn-
cytium, which eventually mature into contracting muscle fibres
(Fig. 1). Recent evidence supports a role for miRNAs as integral
components of the regulatory circuitry for muscle development.
Characterization of regulatory mechanisms involving miRNA
expression and activity is providing novel clues for the identifi-
cation of genes and complex regulatory circuits and collectively
these studies indicate that miRNAs function as regulators of
gene expression important for myoblast proliferation and differ-
entiation and may play decisive roles in specifying cell types
during development.

Current data on the roles of miRNAs in myogenesis have
been obtained largely from studies on muscle-specific miR-1,
miR-133 and miR-206 [15, 16, 22–31]. These findings have
generated more detailed insights into the mechanisms underly-
ing the myogenesis process and have uncovered different path-
ways that lead to myofibre proliferation and differentiation.
However, the complete roles of miRNAs in muscle growth 
and development still remain to be elucidated and the roles of
non-muscle-specific miRNAs in myogenesis have not been
thoroughly examined.

Muscle-specific miRNAs

The functional characterization of miR-1 and miR-133 has been an
important step in our understanding of miRNA-mediated muscle
development (summarized in Fig. 1). miR-1 is highly expressed in
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skeletal and heart muscle across species from D. melanogaster to
humans. Investigation of a loss-of-function phenotype of
Drosophila miR-1 showed that miR-1 is not required for the for-
mation or physiological function of the larval musculature, but is
required for the post-mitotic growth of larval muscle [24]. miR-1
and miR-133 are transcribed in a muscle-specific manner during
development from a common polycistronic gene [25] and modu-
late muscle growth and differentiation by regulating SRF and
MEF2 activity, thereby establishing negative feedbacks loops
within muscle cell lineages [25]. Recent studies showed that miR-1

promotes myogenesis by targeting histone deacetylase 4
(HDAC4), a transcriptional repressor of muscle gene expression.
miR-1 represses the expression of histone deacetylase 4 (HDAC4)
[25], which acts as a signal-dependent repressor of muscle differ-
entiation together with MEF2 [32]. Thus, miR-1 up-regulation dur-
ing differentiation is a mechanism to reduce HDAC4 expression
and to potentiate MEF2 pro-myogenic activity. Among its many
predicted targets, miR-1 also represses the translation of Hand2
[26] a bHLH transcription factor that is required for cardiac growth
during embryogenesis.

Fig. 1 miRNA in muscle development. miR-1 and miR-133 along with miR-206 and miR-181 function at the centre of a network of transcription fac-
tors to regulate skeletal myoblast proliferation and differentiation. Myocyte enhancer factor-2 (MEF2) and myogenic basic helix loop helix (bHLH) pro-
teins, including myogenic transcription factor MYOD1, regulate their own expression, as well as the expression of downstream muscle structural genes.
Additionally, these transcription factors use upstream and intragenic enhancers to activate transcription of bicistronic miR-1/133 clusters encoding miR-1
and miR-133 in differentiated skeletal muscle. miR-1 represses expression of HDAC4 (histone deacetylase 4), a signal-dependent repressor of MEF2
activity, thereby establishing a negative feedback loop to modulate miR-1 and miR-133 expression and promoting myoblast differentiation. As myoge-
nesis progresses from the myoblast stage to the myotube stage, the level of the muscle-specific miR-133 increases and miR-133 represses expression
of serum response factor (SRF), a positive regulator of miR-1/133 expression and repressor of myoblast proliferation. Upon differentiation, miR-181 is
also up-regulated, resulting in down-regulation of Hox-A11 and in the release of MYOD1 expression. As a result, myogenin (MYOG) and muscle marker
proteins including MHC (myosin heavy chain) are up-regulated. In parallel, activation of MYOD1 increases the expression of the primary miR-206 tran-
script which in turn lead to down-regulation of Follistatin-like 1 (FSTL1) and to the repression of Utrophin (Utrn) expression and through a mechanism
that is not yet known promotes muscle differentiation.
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Consistent with these findings, similar to miR-1, another
miRNA, miR-206, has also been characterized as a muscle regu-
lator in recent studies and has also been shown to promote
myoblast differentiation [27–29]. Gap junction protein connexin43
(Cx43) and the p180 subunit (Pola1) of DNA polymerase alpha
have been identified as regulatory targets of miR-206. Although
Cx43 is required for the initial phase of myogenesis, it is rapidly
down-regulated post-transcriptionally after the induction of differ-
entiation [33], thus miR-206 is suggested to decrease communi-
cation between developing muscle fibres by decreasing Cx43
expression [29]. Down-regulation of Pola1 by miR-206 during
early differentiation reduces DNA synthesis and contributes to the
suppression of cell proliferation during myotube formation [16].
miR-206 is also suggested to mediate MyoD-dependent inhibition
of follistatin-like 1 (FSTL1) and Utrophin (Utrn) genes in
myoblasts [30]. In this case, MYOD1 activates the expression of
miR-206, which in turn represses FSTL1 and Utrn gene expres-
sion post-transcriptionally. This mechanism could explain some of
the previous observations in which MYOD1, known as a transcrip-
tional activator, repressed FSTL1 and Utrn gene expression.
Although Utrn expression was repressed by miR-206 
during myoblast differentiation [30], its expression was up-
regulated in mdx diaphragm muscle [15]. This phenomenon might
reflect decreased efficiency of miRNA-mediated translational
repression during a diseased state.

While experiments in cell culture suggested that miR-1 and
miR-206 promote differentiation of myoblasts, miR-133 has
been proposed to promote myoblast proliferation, a role oppo-
site to that of miR-1 [25] through down-regulation of different
target genes [25, 28]. The ability of miR-133 to promote prolif-
eration has been ascribed to the repression of SRF, an essential
regulator of muscle differentiation. miR-133 also represses
translation of the polypyrimidine tract-binding protein (nPTB),
which promotes differential splicing of a variety of transcripts
that influence the muscle differentiation program [22]. In addi-
tion, ChIP on CHIP analysis also indicated that the myogenic
regulatory factors, MYOD1 and Myogenin, bind to sequences
upstream of miR-1 and miR-133 [27]. It seems as miR-1 and
miR-133 that are encoded by the same MEF2-regulated
bicistronic transcripts would exert opposing effects on muscle
growth and differentiation. However, both miR-1 and miR-133
fine-tune key regulatory pathways in an antagonistic manner,
with the balance being tipped one way zor the other by additional
transcription factors and regulatory pathways.

Interestingly, different evidence for the involvement of muscle-
specific miRs in the control of skeletal muscle growth comes from
a spontaneous mutation that causes dramatic muscularity in the
Texel strain of sheep. The particular mutation has been mapped to
a single G-to-A mutation within the 3� UTR of the mRNA encoding
Myostatin, a member of the transforming growth factor � (TGF-�)
family of growth factors that represses muscle growth. This muta-
tion creates a target site for miR-1 and miR-206, resulting in
Myostatin translational repression [34]. This results in a pheno-
type that matches Myostatin loss of function mutations in mice,
cattle and humans [35].

Non-muscle-specific miRNAs

In contrast to miRNAs discussed above, which are specifically
expressed in a tissue-restricted manner, miR-181 is broadly
expressed. The expression of miR-181 was found to be increased
in the regenerating muscle from a mouse model of muscle injury
[36] and further analysis using C2C12 cells demonstrated that
miR-181 depletion reduced MYOD1 expression and inhibited
myoblast differentiation. One of the genes targeted by miR-181 is
homeobox protein Hox-A11, which in turn represses MYOD1
expression. The proposed mechanism underlying miR-181 func-
tion is that miR-181 is up-regulated upon differentiation and tar-
gets a repressor (Hox-A11) of the differentiation process to allow
new muscle growth (Fig. 1). However, although miR-181 is
required for skeletal myoblast terminal differentiation, neither up-
regulation of miR-181 nor down-regulation of Hox-A11 triggered
terminal differentiation of proliferating myoblasts. Thus, miR-181
is necessary, but not sufficient, for differentiation. In addition to
myogenesis, miR-181 was shown to modulate haematopoietic lin-
eage differentiation in another study [13], which suggests that
individual miRNAs may play very diverse biological roles depend-
ing upon their cellular context.

miR-214 is expressed in skeletal muscle cell progenitors
during zebrafish development and was shown to specify muscle
cell type during somitogenesis by modulating the response of
muscle progenitors to Hedgehog signalling [37]. Blocking 
miR-214 activity by chemically modified antisense oligonu-
cleotides decreased the number of slow-muscle cell types pres-
ent in the developing somites and distinctly changed the gross
morphology of the somites in manner previously associated
with attenuated Hedgehog signalling. This phenotype was
attributed to relief of miR-214-mediated inhibition of suppres-
sor of fused (su(fu)) expression [37], a fine-tuner of Hedgehog
signalling essential for proper specification of muscle cell types
during somitogenesis [38].

Another example for a non-muscle-specific miRNA involved in
myogenesis is miR-24. Members of TGF-� have been shown to
potently inhibit terminal differentiation of cultured myoblasts by
down-regulating MRFs [39, 40]. Myostatin, a member of the TGF-�
family, has been shown to be a negative regulator of muscle dif-
ferentiation and growth [41, 42]. Recent studies revealed that
SMAD3 mediates the suppression of myogenesis by TGF-�
through suppressing the expression of E-box muscle genes and
MEF2 proteins [43, 44], whereas SMAD7 has been implicated in
promoting and enhancing myogenesis by interacting with MYOD1
and abrogating of Myostatin signalling [45].

Recently, miR-24 was shown as an essential miRNA for the
modulation of TGF-�-inhibited myogenesis [46] thus providing
new clues for better understanding the molecular mechanisms
underlying the physiological roles of TGF-� during myogenesis.
Because changed expression of miR-24 affects both early and late
myogenic markers, the underlying mechanism might be that miR-24
regulates an unknown upstream signal, which then affects the
expression of both early and late myogenic markers [46]. It is also
possible that miR-24 first regulates the expression of early genes
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like Myogenin and MEF2, which then affects the expression of late
genes including MHC.

In addition to being strongly induced during myogenesis [46],
miR-24 expression is maintained at high levels in terminally differ-
entiated muscle tissues including heart and skeletal muscle. These
observations suggest that miR-24 might function during both dif-
ferentiation and homeostatic maintenance of cardiac and skeletal
muscle tissues. Indeed, previous studies have shown that miR-24
is up-regulated during cardiac hypertrophy and is able to induce
hypertrophic growth when overexpressed in primary cardiomy-
ocytes [47]. Considering that miR-24 is broadly expressed in mul-
tiple tissues, it is speculated that miR-24 might play different roles
in the homeostasis of these tissues.

miRNA signatures as biomarkers of
myopathies

Several recent studies have championed the possibilities for the
use of miRNA signatures as biomarkers for the detection of can-
cer, pregnancy and disease [48–50]. Presently, the most frequent
method for detection and diagnosis of genetic mutations as a
cause of myopathies is through large-scale PCR sequencing
assays [51]. Because many of the limb girdle muscular dystro-
phies (LGMD) have similar symptoms, it can be difficult to diag-
nose the exact form of the disease without genomic screening.
Although the results of these myopathic sequencing assays are
highly accurate, they often involve high costs and can take several
weeks to obtain conclusive results. Given the changes in protein
expression and miRNA expression diversity, the usage of miRNAs
as biomarkers present an attractive alternative to large-scale
genome sequencing at reduced cost and time to the patient.

The usage of miRNAs in the detection of various cancers is one
of the most promising areas of biomarker identification (reviewed
in [52]). Cancer in general terms remains problematic in its diag-
noses that rely primarily on the detection of overexpressed levels
of various antigens such as prostate-screening antigen (PSA) for
prostate cancer detection. Often cancers are not detected until
they have metastasized and few treatment options for the patient
remain. Several recent studies have highlighted the usage of spe-
cific miRNAs in various arrays of large-scale cancer studies. A
recent study by Szafranska and colleagues identified miR-217 as
significantly down-regulated and miR-196a significantly overex-
pressed in patients with the difficult to diagnose pancreatic ductal
adenocarcinoma (PDAC) [53]. Interestingly, the rs11614913 SNP
in miRNA-196a was recently reported as an indicator of non-small
cell lung cancer (NSCLC) [54]. Individuals who were homozygous
for the CC mutation had statistically significantly higher mortality
compared with individuals whom had either TT or CT at the locus.
It is hypothesized that cancer in general may have a set of miRNAs
that are dysregulated during uncontrolled cell proliferation. The
miRNA polycistron miR-17–92 locus has been characterized as an
oncogene and is highly overexpressed in B-cell lymphoma [55].

Indeed, the miR-17–92 locus is activated upon the overexpression
of c-myc a hallmark of B-cell lymphomas diagnoses. Thus, it is
logical to assume that many disease states involving cellular pro-
liferation might have a unique miRNA signature that functions in
concordance with various cell cycle genes to promote a non-native
microenvironment.

Recently, our laboratory has characterized the unique miRNA
signatures found in several of the limb girdle myopathies as well
as Duchenne muscular dystrophy (DMD) [17]. Many of the
miRNAs expressed in the muscle of specific LGMD were unique to
each separate disorder. A strategy to first detect the miRNA signa-
ture using miRNA arrays on muscle biopsies followed by subse-
quent genome sequencing could greatly enhance the speed of
myopathic diagnosis at reduced time and cost. For example, one
who wishes to make the diagnosis based on the symptoms asso-
ciated with Duchenne’s muscular dystrophy (DMD) and distin-
guish it from the milder Beck muscular dystrophy (BMD) would be
able make an accurate diagnosis based on the miRNA that would
reveal a significant up-regulation of miRNAs -299-5p, -487b, and
-362 present only in DMD [17]. More difficult to diagnosis
myopathies such as nemaline myopathy (NM), which can be
detected by mutations in six filamental genes, can be distin-
guished from the inflammatory myopathies such as inclusion
body myositis (IBM) or dermatomyositis (DM) based on the
expression levels of specific inflammatory miRNAs-155 and miR-
146b among others [17, 56]. A positive Facioscapulohumeral
muscular dystrophy (FSHD) diagnosis could be distinguished
from DMD based on the lack of dysregualtion of miRNAs-381 and
-382 found in FSHD patients [17]. Similarly, nearly all of the LGMD
myopathies have a significant up-regulation of miRNAs-100, -103,
-107; whereas DMD patients do not [17]. As the cost of arrays
subsequently decreases as the technology becomes more main-
stream and high-throughput, the usage of miRNAs as biomarkers
in diagnostic laboratories should vastly increase.

miRNA therapeutic promise

Locked nucleic acids (LNAs) and antagomiRs

The ability to inhibit miRNA function through the use of compli-
mentary sequences makes miRNAs an attractive candidate for
therapeutic treatments. As noted, several miRNAs are signifi-
cantly up-regulated in muscular dystrophies and other
myopathies [17]. The ability to inhibit these up-regulated miRNAs
using locked nucleic acids (LNAs) or antagomirs (cholesterol-
modified) single stranded nucleic acids consisting of the comple-
mentary miRNA sequence thus offers a molecular strategy for
miRNA inhibition.

Locked nucleic acids are more stable than single-stranded
RNA molecules due to a modification of the ribose moiety of the
oligonucleotide that results in enhanced stability and greater
resistance to increases in temperature (reviewed in [57]). LNAs
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have been used successfully as qualitative markers to measure
miRNA levels through in situ hybridization, northern blot analy-
sis and real-time PCR [58, 59]. A recent study by Elmén and
colleagues demonstrated that a miRNA could be successfully
targeted in a living organism using LNA-antimiR conjugate [60].
Elmén and colleagues delivered LNA-antimiR targeting miR-
122, a liver-specific miRNA previously shown to regulate lipid
metabolism and the hepatitis C hepatic response, to the livers of
African-green monkeys through a catheter in the saphenous
vein. The monkeys that received the miR-122 LNA-antimiR had
lower plasma cholesterol levels, no significant changes in
essential liver metabolic enzymes, and importantly no adverse
side effects.

The skeletal-muscle-specific miR-206 miRNA has been shown
to be up-regulated in the diaphragm muscle of the dystrophin-
mutant (mdx) mouse [15]. Rosenberg and colleagues recently
identified two muscle-enriched miR-206 target genes, Utrophin
(Utrn) and follistatin-like 1 (FSTL1), which were down-regulated
following miR-206 overexpression in vitro [30]. Overexpression of
miRNA in mouse myoblasts resulted in increased differentiation,
regardless of the levels of serum in the media [28]. Likewise, 
inhibition of miR-206 by antagomirs resulted in the inhibition of
myogenic differentiation. These findings would suggest that the
overexpression of miR-206 observed in the diaphragm muscle of
mdx mice might also explain the accelerated differentiation and
cell cycle kinetics in the muscle satellite cells isolated from the
diaphragm muscle of mdx mice [61]. Delivery of LNAs targeting
miR-206 to the diaphragm muscles of patients might reverse the
accelerated differentiation observed in DMD patients and increase
life-span. Given the restrictive expression of miR-206 to skeletal
muscle, intravenous or direct intra-muscular injection of LNAs 
targeting miR-206 would most likely have relatively minor 
side effects.

Overexpression of miRNAs in myopathies

A modest cluster of miRNAs, both skeletal muscle-specific and
non-skeletal muscle-specific, are significantly down-regulated in
various myopathies of patients [17]. In both cardiac and skeletal
muscle hypertrophy, the cardiac/skeletal muscle-enriched
miRNA, miR-133a, was strongly down-regulated [16, 62]. Thus,
the option of correcting the lower levels of specific miRNAs
becomes another tool for treatment of myopathies.
Overexpression of miRNAs in vivo would most likely involve
injection of a stable oligonucleotide that would be cleaved to a
21–24 nucleotide strand by endogenous mechanisms or the
injection of an miRNA overexpression virus. Recent advances in
the viral infection levels and decreased toxicity using adeno-asso-
ciated viruses (AAV) have made this system an attractive delivery
method for gene therapy [63, 64]. Intramuscular injections of
either the 21–24 nucleotide miRNA or stem-loop structure over-
expression virus would ensure successful delivery of the miRNA
to the affected muscle.

Specificity of miRNA treatment

Given the close proximity and cross-talk communication between
skeletal muscle, immune cells (i.e. macrophages, neutrophils,
etc.) and vascular smooth muscle cells, it is essential that any
treatment involving the modification of the levels of a specific or
group of miRNAs have a high degree of specificity for the affected
muscle and the neighbouring cells. The role of miRNAs as essen-
tial regulators of the immune system and the inflammatory
response has been well documented (reviewed in [65]. Many of
the miRNAs that were dysregulated in different myopathies have
essential functions in both myogenesis and the inflammatory
response [17]. miRNA-181a/b is an upstream repressor of Hox-A11
transcription, a validated repressor of MYOD1 levels and is signif-
icantly up-regulated during skeletal muscle regeneration [36].
However, miR-181a/b also plays an essential role in the matura-
tion of T cells and their affinity for antigen recognition [66].
Additional miRNAs, such as miR-1, whereas substantially
expressed in skeletal muscle, have broad functions as regulators
of stem cell differentiation, cell cycle progression, and cardiac
conduction [67, 68]. The ability to achieve specificity and selectivity
in targeting miRNAs of a specific cell type is a significant barrier
that must be explored if non-skeletal muscle-specific miRNAs are
to be used as a treatment for myopathies.

miRNAs as regulators of myogenic stem cells

Cellular therapies toward the treatment of myopathies have
shown considerable promise in their ability to expand and repop-
ulate the damaged muscle architecture [69]. Recent studies have
identified myogenic and vascular-derived stem cells as capable of
restoring physiological function and amelioration of skeletal 
muscle degeneration resulting from the lack of a functional dys-
trophin protein [70–72].

miRNAs are essential for normal myoblast proliferation and
function. Deletion of the miRNA processing component Dicer
using the MyoD-cre transgene resulted in abnormal mouse limb
development and increased apoptosis of cultured embryonic
myoblasts, thus demonstrating that miRNAs have an essential
function in myoblast proliferation and maintenance [73]. Genetic
and/or pharmacological manipulation of specific miRNA levels in
cultured myoblasts may enhance engraftment in myopathic mus-
cles. Chen and colleagues recently undertook a survey of miRNAs
in mouse myoblasts and identified several essential miRNAs that
were both enriched and depleted following the removal of serum
[25]. MiR-1 overexpression accelerated myogenic differentiation
through the repression of the histone deactylase HDAC4; whereas
miR-133 overexpression accelerated the proliferative capacity of
the myoblasts by repressing the SRF gene.

MiR-221 and miR-222 are two miRNAs, which are expressed in
skeletal muscle, are validated regulators of cell proliferation through
the repression of cell cyclins and pleuripotency markers [74, 75].
MiR-221 and miR-222 cluster together on the human and mouse
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genomic loci, are evolutionarily conserved among vertebrates and
have similar seed sequences. MiR-221/222 target the 3’ UTR of the
kit receptor and impairs erythropoietic and myeloid proliferation and
enhance lineage differentiation in isolated haematopoietic stem cells
[74]. Additionally, miR-221 and miR-222 down-regulate the cyclin-
dependent kinase inhibitors p27 (Cdkn1b/Kip1) and p57
(Cdkn1c/Kip2) and are considered to be essential for the mainte-
nance of the proliferative state of the cell cycle [75]. Several current
studies are underway to inhibit miR-221 and miR-222 as treatment
to inhibit cancer cell proliferation. Both miR-221 and miR-222 are
significantly up-regulated in DMD and other muscular dystrophies
[17]. Inhibiting these miRNAs using LNAs or antogomirs might cor-
rect the dysregulated cell cycle kinetics and restore normal function
to the skeletal muscle stem cells of myopathic patients.

Perspective

miRNAs are novel regulators of gene expression, and have a
dynamic expression in skeletal muscle. Several miRNAs are

enriched in skeletal muscle during normal growth and regenera-
tion, whereas others have essential functions in skeletal muscle
but are ubiquitously expressed. Additionally, many miRNAs are
either induced or repressed in muscular disorders, making them
ideal candidates as drug targets as well as useful diagnostic bio-
markers. Newer technologies, such as locked nucleic acids and
antagomirs open up new techniques and potential therapies for
miRNA-associated myopathies (Table 1). Similarly, overexpres-
sion of candidate miRNAs in cultured myoblasts for injection or
using direct intramuscular injections also have great potential as
therapeutic agents

However, despite the enormous potential of miRNAs as thera-
peutic agents, many questions still remain. Two recent loss-of-
function studies revealed that miRNAs have an essential function
as rheostats for making adjustments in global protein levels and
not dramatic alterations in proteomic output [76, 77]. Baek and
colleagues analysed global protein output using proteomic arrays
in enriched neutrophils from mice that lacked miR-223 compared
to their wild-type littermates. Surprisingly, very few specific genes
were significantly induced or repressed at significant levels in
mouse neutrophils lacking miR-223 at the proteomic level.

Disease/Disorder Disease Symptoms miRNA(s) dysregu-
lated in disease

miRNA(s) Target(s) Type of Therapy Proposed Reference

Hypercholesterolemia Elevated blood pres-
sure, high risk for
heart failure/attack,
high risk for stroke

miR-122 (overex-
pressed)

Aldoa Locked Nucleic Acid (LNA) 
intravenous injections

60

Duchenne Muscular
Dystrophy (DMD)

Muscular degenera-
tion, respiratory fail-
ure, death before early
20’s

miR-206 (overex-
pressed)

Utrn LNA delivery into diaphragm 15

miR-133 (down-regu-
lated)

Runx2 overexpression in cultured
myoblasts using Adeno-
Associated Virus (AAV)

16,62

miR-221/222 
(overexpressed)

Cdkn1b (p27),
Cdkn1c (p57),
Kit

LNA delivery in cultured muscle
stem cells followed by intramus-
cular injection

31
75

Skeletal Muscle
Atrophy

Muscle weakness,
myofibre degeneration,
immobility

miR-1 and miR-133
(down-regulated)

Hdac4 Overexpression in cultured
myoblasts using Adeno-
Associated Virus (AAV)

25

B-cell lymphoma Immunodeficiency,
tumor formation and
metastasis potential,
death if not treated

miR-17--92 cluster
(overexpressed)

E2f1 LNA intravenous delivery 55

non-small cell lung
cancer (NSCLC)

Respiratory failure,
chronic obstructive
pulmonary disease
(COPD), death

miR-196a (overex-
pressed)

Hoxb8, Ccna2 (cyclin
A2),Lsp1,Myc, Casp3

LNA intravenous delivery 54

Table 1. Potential miRNA-based therapies for various human diseases
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Although there were both slight decreases and increases in a large
number of specific proteins resulting from the loss of miR-223,
the overall protein output for many genes remained unchanged.
Similarly, when Selbach and colleagues overexpressed several
miRNAs in HeLa cells and analysed global protein output, they
noticed very few genes that were significantly dysregulated at the
protein level.

These proteomic studies raise the question as to whether or
not the observed changes in specific miRNAs in myopathies have
a significant effect on their proteomic output. It is likely that each
specific myopathy has a separate degree of proteomic dysregula-
tion resulting from gain- or loss-of-function of specific genes
(reviewed in [1]). For example, the loss-of-function of an enzy-
matic transferase such as fukutin related protein (Fkrp) in patients
with LGMD2I would have a different effect on global protein out-
put in skeletal muscle compared to that of a myopathy involving a
structural protein, such as loss-of-function mutations in compo-
nents of the sarcoglycan complex in patients with LGMD2C-F.
Likewise, the modulation of the expression of miRNAs in
LGMD2A, which is caused by mutations in the CAPN3 gene (a reg-
ulator of calcium signalling), might have a different effect than
miRNA modulation in a structural protein-based myopathy, such
as LGMD2B (resulting from mutations in the DYSF gene) [17].
Additional questions in regards to which specific miRNAs, or a
possible combination would be the best drug targets.

Current treatments of patients with myopathies usually involve
the use of various drugs to maintain muscle strength and prevent
muscle atrophy. Depletion of myostatin, a natural muscle inhibitor,
through the use of monoclonal antibodies has shown some effi-
cacy in its long-term use to rebuild muscle dystrophin-mutant
mice [78]. Recent advances in gene therapy have produced 
promising results using a technique referred to as ‘exon skipping’
in which cellular infection of myoblasts with antisense sequences

designed to skip over exon 51 of the DMD gene results in transla-
tion of a functional dystrophin protein [79]. The most promising
field of treatment involves muscle-derived stem cell (MDSC) ther-
apies to restore the function and physiology of degenerate muscle
in myopathic muscle (reviewed in [80]. Although recent studies
using donor-derived MDSCs for treatment of myopathies have
shown remarkable promise, the ability to correct a myopathy with
a patient’s autologous MDSCs and using gene therapy might have
the best approach. Knowledge of miRNA function in myopathic
MDSCs could greatly enhance myopathic engraphment in skeletal
muscle and minimize any inflammatory response.

miRNAs serve important roles as modulators of protein output
and determinants of cellular fate during critical periods of human
growth and development. Many skeletal muscle-specific and non-
specific miRNAs are dysregulated in several myopathies. These
dysregulated miRNAs can be utilized as diagnostic biomarkers for
disease-specific myopathies based on their unique expression
patterns. Additionally, these myopathic-specific miRNA signatures
offer another category of potential drug targets through manipula-
tion of their expression levels using LNA/antagomiR miRNA
inhibitors and adenoviral-associated viruses (AAV) for muscle-
specific overexpression. In combination with recent break-
throughs in cellular therapies, miRNA-based therapies offer a
powerful addition to the amelioration of myopathies and eventual
cure for these debilitating diseases.
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